During the last few decades, diamond-like carbon (DLC) coatings were widely used for tribological applications, being an effective tool for improving the performance and the useful life of different machining tools. Despite its excellent properties, among which stand out a high hardness, a very low friction coefficient, and even an excellent wear resistance, one of the main drawbacks which limits its corresponding industrial applicability is the resultant adhesion in comparison with other commercially available deposition techniques. In this work, it is reported the tribological results of a scratch test, wear resistance, and nanoindentation of ta-C and WC:C DLC coatings deposited by means of a novel high-power impulse magnetron sputtering (HiPIMS) technology with "positive pulses". The coatings were deposited on 1.2379 tool steel which is of a high interest due to its great and wide industrial applicability. Finally, experimental results showed a considerable improvement in the tribological properties such as wear resistance and adhesion of both types of DLC coatings. In addition, it was also observed that the role of doping with W enables a significant enhancement on the adhesion for extremely high critical loads in the scratch tests. Author Contributions: Conceptualization, J.A.G., P.J.R., I.F and J.A.S.; methodology, X.X.; formal analysis, J.A.G. and P.J.R.; investigation, J.A.G., P.J.R., E.B., J.A.S and J.F.P.; writing-original draft preparation, J.A.G., and P.J.R.; writing-review and editing, J.A.G., P.J.R., J.A.S., J.F.P. and R.R. All authors have read and agreed to the published version of the manuscript. Funding: This research received no external funding.
Introduction
Diamond-like carbon (DLC) coatings are proven as promising and very efficient candidates for a wide variety of industrial applications due to their extraordinary mechanical performance, being one of the most well-known and consolidated surface treatments applied onto different types of substrates (mostly metals and ceramics) [1, 2] . In this sense, DLC coatings are commonly applied as protective layers to cutting [3, 4] and forming tools [5] , although these coatings can also implemented in medical devices [6] , automotive components [7] , or electronics and optics applications [8] , among others.
The combination of a high hardness and good wear resistance with a low coefficient of friction represents the main tribological reasons for using this type of Physical Vapor Deposition (PVD)-deposited DLC coating [9, 10] . In addition, other important aspects such as a high elastic modulus, chemical inertness, and a high degree of biocompatibility can be also obtained with this type of coating [11] . However, its low adherence on metallic substrates, associated with the low density of chemical bonds and the high compressive stress, is its main drawback in comparison to other different deposition techniques, hindering further applicability in many fields of high-technology industries [12, 13] .
For instance, during metal stamping, the tools of the dies are subjected to large mechanical stresses as a result of the work done on the steel sheet used as a base material in the manufacturing. The pressure can be applied progressively or by percussion, for which presses and hammers are used. The molds involved in the operation are two steel stamps or dies, one of which slides through a guide while the other is fixed. In the case of standard parts, there are various partial solutions in terms of materials, and additional treatments in order to improve their properties and durability, which offer a highly contrasted stable behavior [14] . The importance of the continuous development of solutions to improve the performance of this type of tool is a key and essential factor for increasing the productivity of manufacturing processes [15] . According to this, different types of strategies such as chemical vapor deposition (CVD) or PVD coatings for high-load applications [16, 17] were successfully developed, going from a combination of a thermochemical treatment (usually nitriding) with a thin layer obtained by cathodic-arc [18] to more recent strategies based on the combination of multilayers and composites of nanometric spacing [19, 20] .
In this regard, although PVD DLC coatings present the abovementioned adhesion problem, these types of coatings are gaining great importance in the field of surface engineering, especially in cutting tools; thus, important research advances are focusing on obtaining a chemical link between DLC coatings and the reference metallic substrate, aiming to homogenize the stress distribution. According to this, new coating techniques were developed that greatly improve the adhesion, showing a combination of the excellent tribological and mechanical performance of DLC coatings with a high adherence. In recent works, different adhesion values related to DLC coatings were reported, showing the scratch mark at 20 N load [21] or at approximately 35 N load [22] , although these values are low for the aforementioned industrial applications. Another alternative to increase the adhesion is based on a previous thermochemical pretreatment such as plasma nitriding [23] , although this type of treatment could penalize the corrosion resistance of the metallic substrate [24] . However, a promising result was presented in Reference [25] , where the deposition of multilayered coatings by combining both filtered cathodic vacuum arc and high-power impulse magnetron sputtering (HiPIMS) led to an improvement in the adhesion strength, going up to 63 N. This aspect of the adhesion enhancement of DLC hard coatings by HiPIMS metal ion etching pretreatment was also observed in Reference [26] . In this work, an increase in the resultant adhesion, as well as in the wear resistance, of two different types of DLC coatings, such as tetrahedral amorphous carbon (ta-C) and tungsten carbide:carbon (WC:C), was achieved using a novel high-power impulse magnetron sputtering (HiPIMS) method that incorporates positive voltage pulses after the conventional HiPIMS discharge. This novel technology was studied in a previous work aiming to evaluate the effect of different positive voltage amplitudes in the corresponding mechanical properties of the DLC hard coatings [27] , although no studies on the resultant adhesion were reported. Similarly, the role of metal dopants like Cr was recently investigated [28] , showing that high contents of Cr within the DLC layer can lead to reduced internal stresses without any significant effect on the mechanical properties and clear improvement of the tribological behavior at higher temperatures, between 100 °C and 200 °C. However, these studies were developed on softer substrates (SS304), and there is no available information on the adhesion of these coatings. The aim of this work is to evaluate the tribological and mechanical properties of DLC coatings deposited by HiPIMS with positive pulses on tool steels for industrial applications, where the adhesion of coatings is a critical parameter.
Experimental Procedure

Reference Substrate
Samples of 1.2379 steel with a flat geometry, 30 mm in diameter, were used as reference substrates. All specimens were previously polished in order to obtain a final Ra less than 0.2 microns. In addition, prior to any plasma treatment, the substrate surfaces were thoroughly cleaned following a sequence of steps consisting of ultrasonic washing with alkaline detergent (1% Tickopurr R33), rinsing with de-ionized water, cleaning with isopropanol, and air-drying.
Film Deposition Technique
The deposition experiments were carried out in the industrial system xPro4C designed by PVT GmbH. The system integrates, in a vacuum chamber of 0.51 m 3 (680 mm × 650 mm × 1150 mm), four cathodes designed with adjustable magnetic field configurations. Figure 1 schematically outlines a view of the chamber cross-section. The chamber is evacuated by two turbomolecular pumps and two double-stage rotary vane pumps, reaching a base pressure of 10 −6 mbar. The four cathodes are incorporated in equidistance. For DLC coating deposition, one cathode is operated under unbalanced magnetron mode (UBM), while the other is operated under HiPIMS V+ mode, both carrying graphite targets. The third cathode is used for depositing a WC interlayer with a balanced magnetron configuration carrying a binder-free WC target. The fourth cathode is operated in HiPIMS mode carrying a Cr target.
The sequence of parameters used for the different substrate pretreatments, as well as for the deposition of the coatings, is briefly described below.
(1). Ar etching: An Ar + discharge was established at the substrates for 15 min, using a direct current (DC)-pulsed bias voltage of −500 V and a frequency of 150 kHz. DC-pulsed mode was applied at a repetition frequency of 150 kHz and a pulse width of 2.4 μs.
HiPIMS mode was operated at a pulsing time of 150 s, repetition frequency of 300 Hz, and a positive pulse of 350 V. A substrate voltage bias of −50 V was applied. The deposition rate obtained for a three-fold rotation was 0.25 μm/h.
Thickness, Structural Analysis, and Profile Composition
Once the coating fabrication was performed, the chemical composition profiles with their corresponding weight percentages, as well as the resultant thickness of the coatings, were analyzed by glow discharge optical emission spectrometry (GD-OES) using a JOBIN YVON 100000RF GD-OES equipment (HORIBA Instruments, Horiba, Kyoto, Japan) [29] .
Raman characterization was performed in order to evaluate the structural properties of DLC films. Raman spectra were recorded using a Renishaw inVia micro-Raman spectrometer. An argon ion laser with a line of 532 nm was focused on the surface of the coatings with a power of 10 mW. The measurement time was 10 s, and spectra were accumulated 10 times in order to reduce the noise level. The obtained Raman spectrum was curve-fitted using two Gaussian functions, peaking at disordered (D-band) and graphite (G-band) modes. In addition, the thickness of the coatings was also corroborated by the CSM Calotest equipment (CSM Instruments) using a 30-mm-diameter stainless-steel ball and superfine diamond water suspension as the abrasive medium. Finally, in order to appreciate the compactness grade of the coatings, cross-section images were obtained by a HITACHI S4800 field-emission scanning electron microscope (FE-SEM) (HITACHI High-Technologies Corporation, Tokyo, Japan).
Mechanical and Tribological Tests
The adhesion between the coating and the substrate was measured with the help of a CSM REVETEST Scratch tester (Peseux, Switzerland) fitted with a Rockwell indenter (diamond cone of 0.2 mm of tip radius). The corresponding experimental parameters for the mechanical tests were a load rate of 100 N/min, a scratching speed of 100 mm/min, a final load of 100 N, and a total test length of 5 mm. Once the scratch tests were performed, three different critical loads (LC) were registered by looking to the variations of the different recorded signals during the scratch test (penetration of the indenter within the substrate, acoustic emission, coefficient of friction); then, the spots where the different events occurred were observed by optical analysis. The first critical load (LC1) occurred when the first cohesive failure was observed. The second critical load (LC2) occurred when the first adhesive failure was observed, whereas the third critical load (LC3) was established when a total delamination of the coating was performed or when a critical defect was clearly observed in the reference substrate.
In addition, another method to determine the coating adherence is based on the observation of Rockwell C indentation test (Ludwigshafen, Germany), known as Daimler Benz Test. According to this, a conical diamond indenter is used to penetrate the corresponding coating surface, and, as a result, a massive plastic deformation of the reference substrate is obtained, which can fracture the coating. Then, conventional optical microscopy is used to evaluate the aspect of the damaged coated sample following a chart which shows different grades of failure [30] .
Microtest equipment (Madrid, Spain) in pin-on-disc configuration was used for the tribomechanical tests. The coefficient of friction (COF) was measured using 10-and 12-mm-diameter alumina balls loaded at 40 N, 200 rpm, and 20,000 cycles. The generated wear tracks were measured by confocal microscopy (Sensofar, Terrasa, Barcelona, Spain), and the loss volume and wear evaluation were determined according to ASTM99.
Nanohardness measurements were performed with a Hysitron Triboindenter TI950 (Hysitron-Bruker, Eden Prairie, MN, USA) fitted with a Berkovich tip with an end radius of 150 nm. Hardness and Young´s modulus were obtained according to the method of Oliver and Pharr [31, 32] .
Results
Thickness and Composition
First of all, Calotest measurements were performed with the aim of determining the resultant thickness of the coatings, as can be appreciated in Figure 2 . According to this, the samples composed of a ta-C layer showed a thickness of approximately 1.65 μm, whereas the samples composed of WC:C layer showed a thickness of 2 μm. These results are also in agreement with the results shown by the glow discharge optical emission spectrometry (GD-OES) of Figure 3 and the cross-section SEM results of Figure 4 .
Firstly, according to the GDOES results, the ta-C layer was slightly thicker than 1.5 μm, showing a weight percentage concentration in C of 100% up to 0.75 μm in depth, followed by a WC layer of another 0.75 μm with decreasing weight content of carbon across the layer. Finally, aiming to improve the adhesion to the reference substrate, an anchoring layer of 0.2 μm in chromium was also observed. As for the WC:C coating, it was made of two different layers: a top carbon layer doped with W of around 0.75 μm and containing 55% C and 45% W in weight (95% C and 5% W approximately in at.%), followed by a transition layer of around 1 μm in thickness, containing mainly W, with decreasing content of C from around 55% in weight down to less than 5% across the layer, as can be observed in Figure 3b . Finally, a chromium layer of 0.2-0.3 μm was detected before reaching the reference substrate.
Complementarily, cross-section SEM images (see Figure 4 ) demonstrate the presence of homogeneous, continuous, and compact coatings for both types of layers. Figure 2 . Calotest craters used to determine the resultant thickness for the ta-C coating (a) and sample coated by WC:C layer (b). The different numbers correspond to the different diameters of the rings exposed after the abrasion of the coating with the 30-mm balls used for the calculation of the different thicknesses. According to this method, the total thickness for the WC:C was around 2 μm, and the total thickness of the ta-C coating was 1.65 μm. In Figure 5a , the Raman spectrum related to the ta-C and WC-C coatings is shown. Characteristic D-and G-bands of carbon were identified (by fitting of the Raman spectra using two Gaussian functions) around 1360 cm −1 and 1540 cm −1 , respectively (Figure 5b,c) . The Raman spectrum exhibits broadening and overlapping of the two bands, indicating a disordered amorphous carbon structure. For visible excitation (532 nm in our case), the ratio of ID/IG was 1.0 and the full width at half maximum (FWHM) (G) had a value of 156.89 for ta-C, while the ratio of ID/IG was 1.25 for WC:C, with an FWHM(G) of 126.95. According to the literature, the ID/IG ratio is proportional to the number and clustering of rings, and it is especially sensitive to the number of ordered rings in the stage 2-3 transition [32] . A decrease in the intensity of the D-peak would then be associated with a gradual change in sp 2 sites from rings to chains and to the presence of sp 2 dimers embedded in the sp 3 matrix. The π states become increasingly localized on olefinic chains. Olefinic bonds are shorter than aromatic bonds and have higher vibration frequencies, which results in ID/IG ratios close to zero. This effect usually implies enhanced sp 3 content [33] . 
Nanoindentation Test
Nanoindentation tests up to a final load of 10 mN are represented in Figure 6 . The experimental results demonstrate that a specific hardness of 30.65 GPa was obtained for the ta-C layer (green line), whereas a hardness of 17.57 GPa was reached for the WC:C layer (blue line).
The results of nanoindentation related to the WC:C coatings are similar to the results of Sun et al. [34] , showing a value of around 18 GPa. However, higher values of nanohardness were reported by Duminica et al. [22] , which were found to be about [21] [22] [23] GPa. An important aspect to remark is that these DLC values were lower than those obtained by the ta-C layer (30.65 GPa).
In addition, the curves of load and unload showed a high elastic component for both types of coatings, although the final depth was significantly greater for the WC:C coating in comparison with the ta-C coating. Table 1 summarizes the corresponding hardness values, the Young modulus values, and the relationship between the hardness and modulus (H 3 /E 2 ) for both types of DLC coatings derived from the experimental data of the nanoindentation tests. Finally, according to this, a very interesting and promising result was the value of H 3 /E 2 for the ta-C DLC coating (0.45) in comparison with the WC:C DLC coating (0.15), which is an important parameter directly associated with the plastic deformation resistance. 
Adhesion Test
First of all, for a better understanding of the mechanical response and the adhesion properties of the DLC coatings, scratch tests were carried out on both coatings (Figure 7 for ta-C coating and Figure 8 for WC:C coating), where different failure modes were evaluated along the scratch, and the loads at which they occurred were registered. The experimental results derived from these adhesion tests were very positive, showing a similar behavior in the resistance to cohesive failure, but displaying significant differences between both types of DLC coatings in their LC2 and LC3 values. In both figures, the acoustic emission (AE) and the coefficient of friction (COF) are represented, which establish a relationship between the normal and tangential forces, respectively. According to this, on one hand, in Figure 7 , the ta-C DLC coating presented the first cohesive failure (LC1) at about 12 N and the first adhesive failure (LC2) at around 20 N, whereas the appearance of the substrate (LC3) occurred at around 50 N. On the other hand, in Figure 8 , it can be clearly observed that the adhesion related to the WC:C coating was better than the ta-C coating because LC2 was defined at around 40 N, whereas the last coating between the indenter and substrate (LC3) appeared at about 60 N. These results of the adhesion test are higher than those reported in Reference [22] , showing an LC3 value of 35 N, or in Reference [23] , with a value of 16 up to 40 N in non-nitrided steels as a function of the bias voltage. In this sense, by using different biases, similar results were reported in Reference [25] , with an LC3 value of 55 N, although this work presented multilayered coatings.
A summary of the different critical loads (LC1, LC2, and LC3) for both types of DLC coatings is presented in Table 2 . Finally, the adhesion of both types of DLC coatings was also analyzed by the Daimler Benz test, using a conventional Rockwell C indentation tester, as can be observed in the optical micrographs in Figure 9 . According to this, the ta-C DLC coating (Figure 9a ) exhibited small delaminated parts at the border of the impact mark, which allowed classifying the system into the HF-2 grade. However, a notable difference can be appreciated in the WC:C DLC coating, where a few radial cracks were observed, enabling a classification into the highest HF-1 grade (Figure 9b) [35, 36] . 
Friction and Wear Test
The friction properties of the DLC coatings, as well as the reference substrate (1.2379 steel), were investigated using the pin-on-disc tribometer. The experimental results are shown in Figure 10 . The steady coefficient of friction (COF) for the 1.2379 steel (uncoated reference sample) was around 0.85. As expected, the samples coated with DLC layers showed a considerable reduction in COF, showing values of 0.10 for WC:C and 0.07 for ta-C. The results of friction coefficient are lower than those reported in Reference [37] , where the friction coefficient of nitrogen-doped DLC coating increased steadily and finally reached a value of 0.2, whereas that for the DLC sample reached a value of 0.3 at the end of the test. However, the friction coefficients are very similar to those reported in Reference [38] . In this work, it was corroborated that the resultant coefficients of friction are closely related to the content and crystal phases of carbon. An important aspect to remark is that approximately constant friction coefficients were observed for all coatings, indicating that none of them were completely worn out at the end of the test.
In addition, the width of the wear tracks was much lower for the DLC coatings than for the reference substrate. According to this, the uncoated 1.2379 steel presented a track width of around 1.111 mm on average, whereas the WC:C DLC track width was 438 μm and the ta-C presented the lowest width value of 226 μm. In Figure 11 , optical micrographs and confocal images showing the aspects of the resultant wear tracks for both DLC-coated samples are displayed. An aspect to remark is that the wear tracks of the sample coated with ta-C showed a surface with little abrasive wear, whereas the sample coated by WC:C showed the typical micro scratches of abrasive wear, which also matches with the more erratic friction curve of the latter. In any case, the dimensions of the resultant grooves for the coated samples were several orders of magnitude lower compared to the uncoated reference sample (1.2379 steel). The evaluation of the wear coefficient complies with the ASTM G99-95 standard, and it is a function of the loss volume around the whole track using the track width, normalized by the applied load and the total sliding distance. Results are summarized in Table 3 . Table 3 presents a summary of the different results related to the friction coefficient, width of the wear track, loss volume, and wear coefficient for each of the analyzed samples. The wear coefficient of the uncoated sample was 6.65 10 −5 mm 3 /N•m, whereas DLC coatings showed values almost two orders of magnitude lower in comparison to the reference substrate, being 3.98 × 10 −7 mm 3 /N•m for the ta-C coating and 2.92 × 10 −6 mm 3 /N•m for the WC:C coating. The result of the wear test reported for the WC:C coating is similar to the result found in Reference [35] , showing a wear rate of 1.11 × 10 −6 mm 3 /N•m for the N-DLC coating or 1.88 × 10 −6 mm 3 /N•m for the DLC sample. However, higher results of wear rate were reported by Duminica et al. [22] Another method different from the one stated in ASTM G99-95 was also used to determine the wear coefficient. It relies on a direct measurement of the loss volume obtained by confocal perfilometric microscopy using the SENSOMAP program analysis. According to this, the wear results obtained by direct measurement of the loss volume showed a similar tendency with slight deviation between the coated and uncoated samples. Figure 12 presents a comparative graph of the values related to wear coefficient calculated by both methods using 10-mm (R10) and 12-mm (R12) alumina balls, showing good repeatability of the tribological tests. Once the different DLC coatings obtained by HiPIMS were extensively examined, several aspects were remarked. First of all, the nanohardness values are in accordance with other previous works, showing the importance of sp 2 /sp 3 ratio in determining the corresponding hardness. In addition, doping the DLC coating with W (WC:C) led to a decrease in the surface energy, with a consequent increase in its adhesion properties, thereby showing an LC2 of 40 N and LC3 of 60 N in comparison with the ta-C coating with an LC2 of 20 N and LC3 of 50 N. Another important aspect is that, by using HiPIMS, it was possible to obtain very high resistance to plastic deformation (H 3 /E 2 ). Specifically, 0.15 and 0.45 were obtained for the samples doped with W and ta-C, respectively. The values of the samples doped with W (WC:C) are consistent with those found in the literature, while the values of the samples of ta-C are identical to those found by other authors. This aspect is due to the combined effect of a low value of the elastic modulus and the relatively high value of the nanohardness for this ta-C sample. Moreover, these interesting values of resistance to the plastic deformation enabled obtaining a low wear coefficient value (3.98 × 10 −7 mm 3 /N•m for ta-C versus 2.92 × 10 −6 mm 3 /N•m for WC:C). Finally, regarding the measurement of the wear rate, it should be noted that the use of the two different methods (ASTM G99 and direct measurement of the loss volume by confocal microscopy) showed slight discrepancies, which can be associated with the small wear suffered by the alumina balls after 20,000 cycles in the pin-on-disc test, resulting in a truncated sphere, leading to smaller but possibly more realistic results.
Conclusions
In this work, two different DLC coatings, ta-C and WC:C, were used to coat a specific tool steel (1.2379 steel). The coatings were performed using the HiPIMS technique with positive pulses, which allowed obtaining very interesting tribological properties, such as a high resistance to the plastic deformation, as well as a high wear resistance. The following aspects must be highlighted:  The nanohardness values were 30.6 GPa for the ta-C sample and 17.6 GPa for the WC:C sample.  The elastic moduli found were very low, an issue associated with the high values of resistance to plastic deformation.  The adhesion of the coatings was very high (corroborated by the scratch test), associated with the reduction in surface energy.  The coefficient of friction (COF) against alumina for both coatings was very low in comparison with the reference substrate.  Both DLC coatings showed very small wear coefficients, especially the ta-C sample with a value of 3.98 × 10 −7 mm 3 /N•m, which was two orders of magnitude lower than the reference substrate (6.65 × 10 −5 mm 3 /N•m), whereas the wear coefficient related to the WC:C sample was 2.92 × 10 −6 mm 3 /N•m. To sum up, the experimental results derived from the mechanical and tribological tests highlight these coatings, obtained by HIPIMS with positive pulses, as promising alternatives for industrial implementation, until now reserved for other types of coatings.
